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PIANE STRAIN FRACTURE TOUGHNESS AND MECHANICAL PROPERTIES OF
5A1-2.5Sn ELI TITANIUM AT ROOM AND CRYOGENIC TEMPERATURES

by

Carl M. Carman, John W. Forney, and Jesse M. Katlin

ABSTRACT /))O \ \q

The suitability of 5A1-2.5Sn ELI titanium alloy for cryogenic
tankage applications has been studied by determining the mechanical
and fracture properties of the material at testing temperatures rang-
ing from room temperature to -423° F. Small round tensile specimens
were developed to measure the tensile properties over the range of
testing temperatures. Plane strain fracture toughness measurements
were also made at these temperatures using the "pop-in" technique
with a small notched bend specimen.

Special laboratory techniques were developed to test the speci-
mens at -423° F, utilizing the specific heat of vaporization of liquid
helium.

The degree of preferred orientation in this alloy was qualitatively
studied by determining the ratio of the width strain to the thickness
strain. The fracture toughness values were interpreted in terms of the
crystallography and mechanism of deformation of titanium.

The data are summarized in terms of a part-through defect which
will be stable at various operating temperatures and stress levels. It
has been shown that texture hardening may be used to obtain high burst
stresses under biaxial stress conditions.
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LS

Glossary

Notch depth or 1/2 crack length

Area

Specimen thickness

Beam depth

Major diameter of notched round specimen
Engineering strain

Young's modulus

Energy

8.80 x 107 y - 21.12 x 107> 32 + 76.08 x 1072 y°
Strain energy release rate

Parameter describing the local elevation of the elastic stress
field ahead of a crack

Plane strain fracture toughness

Beam span

Specimen longitudinal to rolling direct and crack propagating
into the thickness direction of the plate

Specimen longitudinal to rolling direction and crack propagation
parallel to rolling plane

Bending moment

Strain hardening exponent
Load in pounds

Form factor

Radius of plastic strain zone

Ratio of width strain to thickness strain

vii



T - Surface tension

TD - Specimen transverse to rolling direction and crack propagating
into the thickness direction of the plate

TS - Specimen transverse to rolling direction and crack propagation
parallel to rolling plane

W - Specimen width

o - (d - a)

B - Relative plastic zone size
€ - True strain

v - Poisson's ratio

o - Gross section stress

Onet - Net section stress

Opnom - Nominal stress

Oys = 0.2% offset yield stress
- a/d

w - Work function

Subscripts

c - Critical value of a parameter

I - First, or opening, mode of fracture
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PLANE STRAIN FRACTURE TOUGHNESS AND MECHANICAL PROPERTIES
OF
5A1-2.53n ELI TITANIUM AT ROOM AND CRYOGENIC TEMPERATURES

by
Carl M. Carman, John W. Forney, and Jesse M. Katlin

Frznkford Arsenal

SUMMARY

Inasmuch as future upper stage rockets will use liquid hydrogen
as a fuel, the propellant tanks will be required to operate at -423° F.
It is therefore desirable to employ materials for these structures which
will possess very high strength-to-density ratios and material proper-
ties which will be satisfactory at the minimum operating temperatures.
It appears that three types of alloys offer the promise of achieving the
required high strength in combination with adequate fracture toughness
at -423° F. This report presents engineering design data for one such
material - an alpha titanium alloy.

The suitability of 5A1-2.5Sn ELI titanium alloy for cryogenic
tankage applications has been studied by determining the mechanical
and fracture properties of the material at testing temperatures rang-
ing from room temperature to -423° F. Small round tensile specimens
were developed to measure the tensile properties over the range of
testing temperatures. Plane strain fracture toughness measurements
were also made at these temperatures using the "pop-in' technique with
a small notched bend specimen.

Special laboratory techniques were developed to test the speci-
mens at -423° F, utilizing the specific heat of vaporization of liquid
helium.

The degree of preferred orientation in this alloy was qualitatively
studied by determining the ratio of the width strain to the thickness

. . X
strain. The fracture toughness valueg were interpreted in terms of the

crystallography and mechanism of deformation of titanium.

The data are summarized in terms of a part-through defect which
will be stable at various operating temperatures and stress levels. It
has been shown that texture hardening may be used to obtain high burst
stresses under biaxial stress conditions.



INTRODUCTION

In the past, the majority of liquid-fueled rocket booster tanks
have been constructed of either aluminum alloys or cold rolled stainless
steel. The minimum operating temperature for these tanks has been that
of the liquid oxygen contained in them, namely, -297° F. However, fu-
ture upper stege rockets will use liquid hydrogen as a fuel and, there-
fore, the propeliant tanks will operate at -423° F, It is doubtful if
the presently used materials will operate efficiently at this tempera-
ture, due to either low strength or a deficiency in fracture toughness.

Because of the weight limitations in the upper stage structures of
these new rockets, it would be desirable to employ materials possessing
very high strength-to-density ratios, provided the material properties
were satisfactory at the minimum operating temperatures. The aluminum
alloys and cold rolled stainless steels used previously for rocket
booster tanks have strength-to-density ratios of approximately 650,000
inches at room temperature and 850,000 inches at -297° F.

Data presented at the 1960 ASTM Symposium on Low Temperature Prop-
erties of High Strength Aircraft and Missile Alloysl* showed that these
strength-to-density values can be exceeded substantially by some mater-
ials. Based on this published information, it appears that three types
of alloys offer the promise of achieving high strength in combination
with adequate fracture toughness at -423° F, These materials are: cold
worked stable and metastable austenitic stainless steels, annealed alpha
titanium alloys, and certain aluminum alloys of the copper-bearing series.

Since the alpha titanium alloys and the copper-bearing aluminum al-
loys offer the most promise in regard to high strength-to-density ratios,
these materials were selected for investigation., This report presents
engireering design data for an alpha titanium alloy. A subsequent re-
port (NASA CR 54297) will be issued covering the aluminum work.

Program Objectives

The program objectives are:

(1) Provide basic design data for determining the maximum allowable
flaw size for the c¢nset of instability under plane strain conditions for
5A1-2.5Sn ELT titanium as a function of plate thickness and flaw orienta-
tion,

(2) Provide basic design data for the calculation of burst stress
based on texture hardening of hexagonal close-packed metals.

*See REFERENCES




In view of the basic program objectives, this report is divided into
two parts. The first part is concerned with the development of basic cry-
ogenic design data and encompasses the fracture toughness and tensile
testing at room and cryogenic temperatures; the second part deals with
the texture-hardening properties of this material.

Materials

The material used throughout this investigation was 5A1-2,5Sn ELI
(extra low interstitial) titanium alloy. The composition of this alloy
is shown in Table I.

TABLE I
Composition of 5A1-2,5Sn ELI Titanium Alloy

Thickness Percent

(in,) C Fe N Al H Sn Mn U2
1/2 0.023

- ts N AAn
7T Voo e

fa BN at Nal
v v e oaw eV wewo s

() O
Pe

6 0.010 5.0 0.001 2.6 0.006 0.086

The material was received as 1/4 and 1/2 inch thick hot rolled plates.
These plates were annealed by furnace cooling from 1500° F.

BASIC DESIGN DATA - FRACTURE TOUGHNESS

The first objective of this program can be achieved by the applica-
tion of Griffith-Irwin fracture mechanics. This concept is based on the
early work of Griffithg using an ideally brittle material - glass. Mr.
Griffith postulated that, at instability, the strain energy released per
unit crack extension was equal to twice the surface tension per unit
crack extension, as shown in Equation 1. ’

dE. T
B da B da

(1

The relationship expressed in Equation 1 has been experimentally
verified for glass. However, attempts to apply this simple relation-
ship to more ductile materials, such as metals, resulted in discrepan-
cies of several orders of magnitude. This was attributed to the work
absorbed by plastic deformation at the crack tip, which is not considered
in this equation.



Later, Irwin3 proposed that a work function be substituted for the
surface tension term. Therefore, Equation 1 becomes, at instability,

dEc dw

B da 2 B da (2)

where (¢ = work function, which is composed of two terms: surface ten-
sion and plastic deformation.

Inglis4 developed the stress analysis for a through crack in an
infinite plate, so that Equation 2 becomes

dw _ g _ 7 g2a
dA )9 E 3

Recently, Irwind has proposed that the events at the leading edge
of a crack be described in terms of a parameter, K, which is a function
of the local elevation of the elastic stress field ahead of the crack.
It may be shown that

E k = K2 (plane stress) (4)
and 4

E

-1 _ KIZ (plane strain) (5)

(1-v2)

In the definition of the problem, we are primarily concerned with
the first (subscript I) or opening mode of fracture. This situation is
illustrated in Figure 1. Under these conditions, the displacements are
in the y direction only, and the plastic deformation is confined to a -
small area adjacent to the crack tip. Y

Figure 1. First; or opening; Mode of Fracture

4




Approach

Plane strain conditions require maximum elastic constraint in the
path of crack extension. Specimen geometries must be designed with
this requirement in mind.

Histcrically, the circumferentially notched-fatigue cracked round
has been the most popular specimen and for this specimen, the plane
strain fracture toughness, Kj., may be calculated from

_0.233 cnet (m)1/2

<: j>1/2
20'y s

The major difficulty with such a specimen is the need for large speci-
men diameters, so that Opet = 1.1cys to avoid general yielding of the
net section.

Irwin® has developed a stress analysis to measure the stress inten-
sity, KI’ for a part-through semi-elliptical crack. His expression is
given as

(6)

.1/2
K1 = 110(“d 2]
Q
For valid K. measurements utilizing this analysis, the gross section
stress must not exceed the yield strength nor the crack depth exceed
one-half the plate thickness. Quite frequently, these requirements
necessitate the use of large and costly specimens.

Recently Boyle, Sullivan, and Krafft/ described a technique for
measuring the plane strain fracture toughness using sharply notched
sheet spscimens. This technique is based on the fact that the initial
burst of crack growth from the starting notch or fatigue crack is under
plane strain conditions. The load at "pop-in'" is usually detected by
an inflection in the load-deflection curve of the specimen. The plane
strain fracture toughness is calculated from the load at "pop-in" using
the initial crack length and the appropriate plane stress equation.

For a center crack sheet, this would be

5 ma K2
Kic = 0°W tan (7 %;;2' (8)

The development of the "pop-in" technique for measuring the plane
strain fracture toughness has resulted in a further decrease in speci-
men size, as evidenced by the recent use of the single-edge notched
specimen. The plane strain fracture toughness is calculated from a
compliance calibration of the specimen or from an analytical relation-
ship recently developed by Gross.




It is also possible to measure the plane strain fracture toughness
in slow notched bending. The plane strain fracture toughness for three-
point loading may be calculated from a compliance calibration developed
by Irwin9, and is given as

%5, =/1<£> _U&/_dL__ (£" %

12.7 x 10~

where £' = 8.80 x 1072 yx - 21.12 x 1077 y2 + 76.08 x 1077 x3.

An analytical solution has also been derived by Bueckner0 to cal-
culate Ky in nctched bending. His expression for Ky per unit thickness
is given as

=M _/a 10
Ki 372 f(d> (10)

The values of f(a/d) are given in Table II,

TABLE II
Value cf f(a/d) as a Function of a/d
a/d 0.05 0.10 0.20 0.30 0.40 0.50 0.60
f(a/d) 0.36 0.49 0.60 0.66 0.69 0.72 0.73

Luban!! has shown that both the compliance calibration and Bueckner's
solution give almost identical results. In addition, Kies et all? have
stipulated that, for valid K. measurements in slow notch bending, the
nominal fiber stress at the root of the notch should not exceed 1.1 Oyg
and that the most appropriate notch depth is 0.2 to 0.3 of the beam depth.

Specimen Selection

The requirsment to measure the plane strain fracture toughness at
-423° F necessitates the use of a small specimen. Employing larger
specimens of the circumferentially notched round or part-through crack
variety would require excessive amounts of cryogenic coolants. There-
fore, a small slow-notched bend specimen was selected to best fit these
requirements, By employing the "pop-in" method, the physical size of
the specimen could be further reduced. The specimen which was selected
for the cryogenic studies is shown in Figure 2. The thickness and
depth of the notched beam specimen can be varied within the limits of
the mechanical test equipment without altering the accuracy of the plane
strain fracture toughness analysis.
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Figure 2. Small Notched Bend Specimen

Unpublished work at Frankford Arsenal has shown that the load at
"pop-in" may be readily detected by a small high-elongation strain gage
placed at the crack tip. With the advent of suitable techniques for
attaching and using strain gages at these low temperatures, this method
of "pop-in'" detection should give reliable data without incorporating
an additional large mass requiring greater cooling capacity.

Ac mentinned nreviouslv. large consumptions of cryogenic coolants
and the mechanical limitations of the cryostat necessitated the use of
small specimens for Kj. determinations. This also held true for the
determination of the engineering tensile properties. Therefore, a small
round tensile specimen (0.160 in. diameter), as shown in Figure 3, was
used for these studies. Small strain gages were used to determine the
strain of the specimen.

To provide supporting fracture toughness data for the notched bend
specimens, a small single-edge notched specimen was used. A drawing of
this specimen is shown in Figure 4.

|
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Figure 3. Small round Tensile Specimen
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Experimental Techniques

The notchad bend specimens were machined with a notch root radius
of 0.001 inch, maximum. Although under certain circumstances, this
radius would be sufficiently sharp., most conditions require the use of
a sharper notch or, preferably, a fatigue crack. Consequently, the
nctched bend specimens were precracked in fatigue using a special ma-
chine developed by Man-labs, Inc., for this purpose. This equipment
is shown in Figure 5.

After precracking, strain gages were attached to the notched bend
specimens immediately ahead of the fatigue crack tlgc The techniques
used were medeled after those described by Kaufmanl3 for cryogenic
strain gage applications.

For those tests conducted at ambient temperature and -110° F, the
surface of the specimens was cleaned by light sandblasting. Small high-
elongation epoxy-backed '"advance" strain gages were cemented in place
using GA-5 cement. After curing and attaching the iead wires, a thin
over-coating of GA-5 cement was sprayed over the gage assembly to pro-
vide mechanical prectection. A slightly different technique was employed
for specimens tested at -320° and -423° F. The surface of the specimens
was cleaned by light sandblasting. A thin base coat (0.001 inch thick)
of GA-5 cement was applied to the specimen by means of an air prusn.
After curing the base coat, a second thin layer of GA-5 cement was ap-
plied to the specimen by means of an air brush, and a small backless
nichrome strain gage was embedded in the cement. The cement was then
cured. After soldering the lead wires, a thin protective coating of
GA-5 cement was applied to the strain gage installation.

The mechanical testing was conducted on an Instron tensile testing
machine and is shown in detail in Figure 6. The notched bend specimens
were tested in three-point lcading. The end loads were reacted against
a compression column which was attached to the moveable crosshead of
the Instron. The central load was applied by means of a tension bar
and loading saddle, which pass up the center of the compression column
and are attached to the load cell of the Instron. The loading was ac-
complished by driving the moveable crosshead of the Instron downward.

For the tests conducted at ambient temperature, the specimens were
broken in air at approximately 70° F. Tests &t -110° and -320° F were
conducted by immersing the compression column, specimen, and associated
apparatus in a mixture of dry ice and alcohol and in liquid nitrogen,
respectively.

Since it was not practical, from a safety standpoint, to use liquid
hydrogen in the laboratory, a system had to be developed whereby testing
could be accomplished at -423° F. The method devised utilized the evap-
orating gas of liquid helium (-452° F) as the cryogenic medium. The cold

9
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Figure 6, Schematic of Loading Notched Bend Specimens
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gas passed over an electrical resistance heater controlled so that the
emerging stream of heated gas maintained the test specimen at liquid
hydrogen temperature. A schematic of the cryostat and associated ap-
paratus used is shown in Figure 7.
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H Z : 1
f 2
® H (
@ ( @
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@7
Moveable Crosshead 11. Outer Cup - Cold Finger
Strain Bar 12. Wire Mesh Cage for Heater & Thermistor
Exhaust - Helium 13. Specimen Holder
Exhaust - Nitrogen & Helium 14, Beam Specimen
Vacuum 15. Heater, Thermistor & Specimen Thermocouple
Inner Glass Dewar Flask 16. Liquid and/or Gaseous Helium
Outer Glass Dewar Flask 17. Steel Compression Tube
Liquid Nitrogen 18. Liquid Helium Inlet
Glass Cold Finger 19. Liquid Nitrogen Inlet
Helium Gas Downflow Area 20. Amphenole Plug for Instrumentation Lead
Wires

Figure 7. Schematic of Cryostat and Associated Apparatus
used for Tests Conducted at -423° F
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A brief description of the operation of the cryostat follows. After
placing the specimen in position in the holder, making all electrical
connections, and sealing the cryostat to the testing machine, liquid ni-
trogen is introduced into the outer dewar until the proper level is main-
tained. This serves as a shield for the liquid helium system. Liquid
nitrogen is then slowly introduced through inlet @E}* into the jinner
dewar and allowed to boil. The boil-off gas fills the region Qj; and
then drops down into cup @ through opening @ . The gas then travels
up through the opening at the bottom of the cold finger , over the
heater and thermistor, over the specimen and out the exhaust . Ex-
cess pressure is bled oif by exhaust valve (:) . Cooling with liquid
nitrogen is continued until the specimen temperature is approximately
-250° F. The system is now purged with helium gas and liquid helium is
transferred into the inner (area 16) dewar. The path of the cold helium
gds is the same as that of the nitrogen gas. However, when the tempera-
ture of the cold helium gas stream is below -423° F, the heater coil is
energized to condition the gas stream to liquid hydrogen temperature.

The temperature of the specimen is confirmed by means of an attached
differential thermocouple, shown in Figure 8.

CU_WIRE
OUTPUT
EMF
CONSTANTAN WIRE CU_WIRE
To TYPE
K POTENTIOMETER
LIQ Ng
SPECIMEN REFERENCE

Figure 8. Schematic of Differential Thermocouple Circuit
Used to Measure Cryogenic Temperatures

*Numbers in circles refer to Figure 7.
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The differential thermocouple measures the absolute electromotive
force generated between the cold junction (specimen) and reference tem-
perature (liquid nitrogen). For accuracy in measuring these small volt-
ages, a Leeds and Northrup type K potentiometer with a light beam bal-
listic galvanometer was used in conjunction with a copper-constantan
thermocouple., The specimen is maintained at temperature for ten min-
utes prior to testing.

Experimental Results and Discussion

One-quarter Inch Thick 5A1-2.5Sn ELI Titanium Alloy Plate

Engineering Tensile Properties

Generalized typical engineering stress-strain curves for this
material tested at ambient temperature, -110°, -320°, and -423° F are
shown in Figure 9. The tensile tests at -423° F showed a different be-
havior from those at other temperatures and this is illustrated by the
saw-toothed type curve shown in Figure 10. This behavior is character-
istic of a material where a large portion_of the plastic flow can be
attributed to twinning, rather than slip.

210 |

o
— ~423°F
180 "320° F

o |

20 S Sm——

-110°F

AMBIENT

7]
(=]

STRESS KSI

[-23
(=]

30

5 10 15 20 25
STRAIN  IN. X I6®

Figure 9. Stress-Strain Curves for 5A1-2,5Sn ELI Titanium Alloy
as a Function of Testing Temperature
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Figure 10. Load-Deflection Curve for 5A1-2.5Sn ELI Titanium Alloy
tested at -423° F

This transition from slip to twinning may occur in close-packed
metals with decreasing test temperature. The rapid unloading of the
specimen is caused by the increased compliance of the specimen due to
twinning. Since twinning is a very rapid process (order of microseconds)
as contrasted with slip (order of milliseconds), the crosshead of the
tensile machine cannot keep pace with the deformation of the specimen,
so an unloading behavior is observed. The tensile data for both the
longitudinal and transverse specimens are summarized graphically in
Figure 11 and tabulated in Table IIIL.
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Since twinning is the primary mode of deformation, it is de-
gsirable to further study this phenomenon.

Metallographic specimens were taken of the plastically de-
formed areas of the tensile specimens. The structures observed are
shown in Figures 12, 13, 14, and 15. Examination of these structures
shows some evidence of twinning, together with slip. Asg the testing
temperature is lowered, the number of twins in the structure increases.
At -423° F, the plastic deformation mechanism is primarily by twinning.

This material exhibits a high degree of sensitivity of strength
to temperature and shows an increase of yield strength from 100,000 psi
at room temperature to over 200,000 psi at -423° F. The increase was
accomplished with only a minor loss in the commonly accepted ductility
parameters, namely elongaticn and reduction of area.

Nc high degree of anisotropy was observed in the ordinary en-

gineering tensile prcperties, as shown by uniformity of results between
the longitudinal and transverse specimens (Table III).

Plane Strain Fracture Toughness

The plane strain fracture toughness values determined using
the 1/4 inch thick notched bend specimens and small single-edge notched
specimens (SEN) in both the longitudinal and transverse directions are
shown as a function of testing temperature in Figure 16. The experimen-
tal data are summarized in Table IV. Comparison of the plane strain
fracture toughness values computed by the compliance equation and Bueckner's
equation shows that the latter gives significantly higher values. This
is in contrast to data reported in Reference 11. However, those observa-
tions were made using relatively large specimens, whereas this investiga-
tion is concerned with quite small specimens.

It will be observed that the fracture toughness values deter-
mined at room temperature and -110° F are indicated as lower bound val-
ues only. In these tests, the load-deflection curves showed a gradual
departure from linearity and did not give a pronounced pop-in point.
Under these conditions it is possible to estimate the pop-in load and,
therefore, the plane strain fracture toughness by extending the linear
portion of the lcad-deflectiova curve and drawing a tangent to the sloping
portion, as shown in Figure 17. The pop-in is arbitrarily defined as
the intersection of these two lines.

In regard to the adequacy of the specimen and testing technique,
the following points should be considered. As mentioned previously,
Kies et all2? have shown that for valid Ky, measurements in notched bend-
ing, the nominal stress at the root of the notch should not exceed 1.1
times the yield strength. Calculating this stress,

18




Neg: 36.231.S125/AMC.65

Figure 12. Structure of Plastically Deformed Area of Tenmsile
Specimen of 5A1-2.5Sn ELI Titanium tested at

Ambient Temperature )
Etchant: ethylene glycol and 10% HF, electrolytic
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Figure 13. Structure of Plastically Deformed Area of Tensile
Specimen of 5A1-2.5Sn ELI Titanium tested at -110° F

Etchant: ethylene glycol and 107% HF, electrolytic
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Neg: 36.231.5127/AMC.65

Figure 14. Structure of Plastically Deformed Area of Tensile
Specimen of 5A1-2.5Sn ELI Titanium tested at -320° F

Etchant: ethylene glycol and 10% HF, electrolytic
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Figure 15. Structure of Plastically Deformed Area of Tensile
Specimen of 5A1-2.5Sn ELI Titanium tested at -423° F

Etchant: ethylene glycol and 107% HF, electrolytic
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TABLE IV
Plane Strain Fracture Toughness Properties of
1/4 inch 5A1-2.5Sn ELI Titanium Alloy Plate
as a Function of Testing Temperature

Testing Kic (psi vin.) Breaking
Temperature a Compliance Bueckner's Load
(°F) (1 2 (in.) Equation Equation (1b)

Longitudinal
80 476 0.182 35,900% 870
480 0.153 30,900% 1110
685 0.154 - 42,800% 965
-110 995 0.095 45,200% 1460
770 0.135 44 ,300% 1120
880 0.122 46,800% 1030
-320 820 0.148 50,600 62,000 820
855 0.140 50,700 61,400 865
830 0.150 52,200 63,200 830
-423 863 0.127 47,500 56,400 863
775 0.117 40,000 54,000 P2}
702 0.143 42,700 51,600 750
Transverse

80 588 0.176 43,200% 940
633 0.159 42 ,500% 1080
665 0.131 37,700% 1140
-110 780 0.148 48 ,900* 1065
770 0.142 46,800% 1060
740 0.153 48 ,000% 1000
-320 800 0.132 45,400 49,300 800
815 0.135 47,400 57,200 815
800 0.141 48,100 58,000 800
-423 621 0.1561 40,900 48,800 675
660 0.1466 41,100 49,800 765
490 0.1700 34,800 41,800 690

*Lower bound values.
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)
Onom = 3p2a2 (11)

and using the data in Table IV showed that Oppp exceeded the maximum
allowable for all tests conducted at room temperature and at -110° F.
Previous experience with specimens having high nominal stresses shows
that under these conditions, the Ky, values determined are depressed.
The plane strain fracture toughness values so determined are arbitrar-
ily defined as lower bound values.

To gain additional insight into the behavior of this material,
some reasonable estimate of the Ky, value at room temperature is needed.
Srawley15 has shown that the single-edge notched specimen has the great-
est measuring capacity in terms of Ky, of all the various specimen
geometries discussed. Consequently, small single-edge notched specimens
were machined from the 1/4 inch thick plate in both the longitudinal and
transverse directions, and tested at room temperature. The load-deflec-~
tion curves did not show a marked "pop-in'" point, but exhibited a grad-
ual departure from linearity. The point of departure from linearity was
arbitrarily selected to compute the plane strain fracture toughness.
These data are summarized in Table V and are also shown on Figure 16.

TABLE V
Single-edge Notch Fracture Toughness Values
for L/4 1nchn daAar~z.50ou LLI Tilidalum Allcy Plata
at Room Temperature

Crack Kic (psi Yin.)
Spec  Depth  Lecad (1b) Stress (psi) Plastic Zone
No. (in.) Pop-in Max Pop-in Max Uncorrecied ‘Corrcctad
Longitudinal
1 0.387 5500 7330 20,900 28,100 79,200 100,200
2 0.39 5300 7100 20,300 27,200 78,800 100,900
Transverse
1 0.402 5400 6650 20,800 25,600 82,800 111,000
2 0.378 5880 7330 22,700 28,300 82,800 108,700
3 0.372 5750 7590 22,200 29,300 79,800 101,500

In high stress tests, it is customary to correct for the ef-
fect of the plastic strain at the crack tip. The plastic deformation
relaxes the stress so that a slightly lower value of plane strain frac-
ture toughness is calculated. This effect is taken into consideration
by the addition of a small increment equal to the radius of the plastic
strain zone to the measured crack length, Examination of the data in
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this table shcws that the plastic zone correction results in a rela-
tively large change in the plane strain fracture toughness (approxi-
mately 20 percent) and indicates that the plastic zone size is not

small compared with the crack length. Therefore, these corrected values
are considered reascnable estimates of minimum Ki. of this material. It
will be noted that these minimum estimates of Ky, are considerably larg-
er than the lower bound values determined using the small notched bend
specimen,

Tc cbtain valid pop-in data, it has been shown that the
plate thickness should be equal to or greater than four times the
radius of the plastic zone size./ This is expressed mathematically
as ) X

B = 4rys = 35257 (12)

Sclving this equation with B equal to 1/4 inch and a yield
strength equal to %QQ,OOO psi gave & maximum determinable value for
Kic of 62,600 psi yin. for pop-in to occcur. This is considerably less
than the estimated minimum value of 100,000 psi /IE, as determined using
the single-edge notched specimens. This analysis may now be extended
to the tests conducted at -320° F. Solution of Equation 12 using the
1/4 inch thkick specimen and a yield strength of approximately 170,000
psi gave 4 maximum determinable value of Ky, of 106,000 psi /IE. The
value of Ky determined at this temperature is much less than the max-
imum value,

The final point tc be considered is the depth of the beam.
It has been stated for sheet testing7 that the width of the specimen
should be 20 times the plastic zene size. The same conditions should
apply to the notched bend specimens in that the beam depth should be
20 times the plastic zone size. Calculation of the plastic zone size
at room temperature gave a value of 0.159 inch, or a minimum beam
depth of 3.180 inches, This minimum value of beam depth is consider-
ably grester than the 0,500 inch used. Extending this analysis to
tests conducted at -320° F gave a value of 0.0233 inch for the radius
of the plastic zome, or a minimum valus for the beam depth of 0.466
inch {which is less than the 0.500 inch beam depth employed). Gross®
tas stated that the limit of applicability of the specimen will be
reached if the nominal stress at the crack tip reaches the yield stress
of the material, as stated in

6M =
Bla-ay2 0¥ )

Solution of this equation, using data obtained at -320° F, gave a val-

ue cof d-a equal to 0.410 inch. Therefore, the 0.500 inch deep beam
should be adequate.
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The data at -423° F show an increasing value of yield strength
with a decrease in toughness, sc that those specimens which are adequate
2t -320° F will be adequate at -423° F,

These calculations show the small notched bend specimens should
give reliable data at -320° F, Therefore, the use of another specimen
geometry to measure the plane strain fracture toughness would supply sup-
perting data. Small single-edge notch specimens (Figure 4) were machined
from the 1/4 inch plate in the longitudinal and transverse directions.
These specimens were precracked in fatigue and instrumented with strain
gages to detect the pop-in load., The plane strain fracture toughness
calculated from these experiments, conducted at -320° F, are plotted in
Figure 16 and are summarized in Table VI. Comparison of the plane strain
fracture toughness values determined by the single-edge notclied spécimens
and the bend specimens using Beuckner's solution shows that both specimens
give essentially the same value of fracture toughness.

TABLE VI
Plane Strain Fracture Toughness of
5A1-2.5Sn ELI Titanium Plate
Using Single Edge Notched Specimens at -320° F

Kie (psi Jin.)

Spec a . Load. ... Stress Plastic Zone
No. (in.) "~ {1b) \ps1y Uueviscwold Corrootad
Transverse
2/8-1 0.3715 3935 15,800 56,500 60,900
2/8-2 0.3706 4220 17,200 61,500 66,000
2/8-3 0.4004 3400 13,830 55,000 58,600
2/8-4 0.3415 4560 18,550 60,200 64,000
Lengitudinal
2/8-3 0.3487 4240 17,300 57,200 61,000
2/8-4  0.3488 4490 18,300 61,000 64,600
2/9-5 0.3576 4355 17,750 60,300 64,500
2/9-6 0.3674 4420 17,960 62,700 67,900

One-half Inch Thick 5A1-2.5Sn ELI Titanium Allcy Plates

Enginzering Tensile Properties.

The engineering tensile properties of this material are plot-
ted as a function of testing temperature in Figure 18 and the data are
summarized in Table VII. Essentially the same comments are pretinent re-
garding these data as for the data obtained from the 1/4 inch plate.
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Plane Strain Fracture Toughness

Of interest to the investigator and practical importance to
the designer is the possible variation of the plane strain fracture
toughness with respect to crack orientation. In this thicker plate it
is possible to study the anisotropy of the material with respect to the
plane strain fracture toughness. The orientation of the various speci-
mens is shown in Figure 19, in which the L and T designations give the
orientation of the specimens relative to the rolling direction of the
plate. 1In the S series of specimens, the direction of crack propaga-
tion is parallel to the rolling plane; in the D series, the specimens
are so oriented that the path of crack propagation is perpendicular to
the rolling plane.

The plane strain fracture toughness values are plotted as a
function of testing temperature in Figures 20 and 21, and are summarized
in Table VIII. The same limitations prevailed in these tests as in those
described for the 1/4 inch thick plate. Consequently, all tests conduc-
ted at ambient temperature and -110° F, using the small notched bend
specimens, are considered lower bound values.

In an attempt to obtain a more accurate measure of the plane
strain fracture toughness of this material at ambient temperature and
-110° F, larger notched bend bars were machined from the 1/2 inch thick
plate. These specimens were 1/2 inch thick by 3/4 inch deep, with a
four inch span. The load-deflection curves for these specimens showed
no pronounced pop-in point, but exhibited a gradual departure from lin-
earity, as did the small notched bend specimens. Consequently, the val-
ues determined are also indicated as lower bound. These values are also
plotted in Figure 20.

ROLLING DIRECTION

-

Figure 19. Orientation of Specimens Machined from 1/2 inch thick Plate
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TABLE VIII
Plane Strain Fracture Toughness Values of
1/2 inch 5A1-2.5Sn ELI Titanium Alloy Plate
(Notched Bend Specimens)

Testing KIc (psi {in.) Breaking
Temperature P a Compliance Bueckner's Load
(G2)) (1b) (in.) Equation Equation (1b)
Longitudinal - LS
80 735 0.1003 37,100% 1140
830 0.1045 42,300% 1185
845 0.0992 41,600% 1210
-110 875 0.1017 45,200% 1285
900 0.1032 45,700% 1310
-320 1190 0.0983 59,100 67,000 1190
1230 0.0986 60,300 69,800 1230
1070 0.0987 50,600 60,800 1150
-423 912 0.0980 44,900 51,400 912
1055 0.0988 52,600 59,600 1055
965 0.0980 47,700 54,400 965
Longitudinal - LD
80 920 0.1021 47 ,900% 1110
880 0.1067 47,300% 1125
890 0.1107 46 ,900% 1105
-110 920 0.1099 48 ,300% 1290
905 0.1074 46,800% 1205
980 0.1076 50,800% 1230
-320 910 0.1090 48,500 55,200 1265
980 0.1067 50,300 58,000 1010
910 0.1129 47,500 55,000 1025
-423 890 0.1092 47,900 53,600 970
970 0.0980 47,300 54,600 970
780 0.1088 41,000 47,200 780

*Lower bound values,

Code: P - Load at "pop-in."
a - Crack length.
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TABLE VIII (Cont'd)

Testing Kic (psi Vin.) Breaking
Temperature P a Compliance Bueckner's Load
(°F) (1b) in. Equation Equation (1b)
Transverse - TS
80 780 0.1054 40,000% 1185
835 0.1085 46,200% 1195
840 0.1153 45,200% 1230
-110 875 0.1266 51,300% 1160
850 0.1061 43,100% 1380
880 0.1024 43,700% 1390
-320 860 0.1131 46,400 52,800 890
790 0.1054 40,200 46,400 975
750 0.1312 54,800 51,500 750
-423 860 0.0997 43,100 48,800 885
924 0.1054 46,800 54,000 2960
945 0.1012 54,700 54,200 945
Transverse - TD
80 865 0.1078 44 ,100% 1140
865 0.1115 45 ,600% 1025
810 0.1058 41,700% 1170
-110 885 0.1120 47,600% 1110
885 0.1121 50 ,600%* 1080
950 0.1046 48 ,400% 1280
-320 950 0.1033 52,600 55,200 975
995 0.1068 51,500 58,400 1320
930 0.1076 48,200 54,200 1100
=423 1010 0.1110 53,100 60,000 1010
1115 0.1025 56,200 63,600 1185
985 0.1090 52,000 59,200 985

*Lower bound values.

Code: P - Load at "pop-in."
a - Crack length.
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The determination of the plane strain fracture toughness at
room temperature, while not essential in the development of design cri-
teria, is important in developing the general trend of material behavior
with temperature. The results obtained using the small single-edge
notched specimens machined from 1/4 inch thick plate were sufficiently
encouraging to warrant trying a larger specimen. Larger single-edge
notched specimens (Figure 22) were machined from the 1/2 inch thick
plate in both the longitudinal and transverse directions. These speci-
mens were fatigue cracked, instrumented with strain gages to detect the
pop-in, and broken at room temperature. The data are summarized in
Table IX.

w/3 W/3

——-—T;-’—\—I———4W/3 o 4W/3~——‘m

} —

e | Y T Y

a,=W/3

B= THICKNESS
4 < W/B<8

Figure 22. Large Single-edge Notched Specimen
TABLE IX

Single-edge Notched Fracture Toughness Values for
1/2 Inch 5A1-2.5Sn ELI Titanium Plate at Room Temperature

Crack Depth Maximum Load - Kie
Direction (in.) (1b) si in.
Longitudinal 0.568 37,500 131,800
0.508 41,900 127,000
Transverse 0.526 41,000 130,000
0.520 40,750 127,000

These data show that room temperature Kyc values of approxi-
mately 130,000 psi yin. (plotted in Figure 20) are quite reasonable.
This figure shows that the Kj. values are a function of the testing
temperature. Such behavior would be anticipated, since an inverse
first order dependency of K. and yield strength exists. It will also
be observed that the Kj. for the TD series (specimen transverse to
rolling direction, with crack propagating into the thickness direction
of the plate) and TS (specimen transverse to rolling direction and
crack propagation parallel to rolling plane) appear to remain constant
as the testing temperature is reduced to -423° F. Tests for the LS
and LD specimens show a decrease in plane strain fracture toughness
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as the testing temperature is reduced to -423° F, This behavior may be
related to preferred orientation and to the change in the mechanism of
plastic deformation at liquid hydrogen temperatures,

BASIC DESIGN DATA - TEXTURE HARDENING

The textures of rolled sheets of hexagonal close packed (HCP) ma-
terials cause high yield strengths under biaxial tension, thus making
some of these materials especially suitable for pressure vessels. Un-
der combined stress loading, anisctropic continuum theory of yielding
and plastic flow predict striking deviations from the vonMises criterion.
In particular, the resistance of a sheet to thinning under stresses in
its plane has much influence on the form of the two-dimensional yield
locus, as discussed by Hosford and Backofen,10

One simple measure of the thinning resistance of sheet metal is
the ratio, R, of the width strain to thickness strain found in the ten-
sion test on a strip. In an isotropic material, the width and thick-
ness strains are equal, so R = 1. A particularly straightferward ex-
ample is a balanced biaxial tension in the plane of a sheet, Such a
siLicou oyIfcm fo ~avdwalent to a uniaxial through-thickness compression
plus a hydrostatic tension. Therefore, yielding under the baiancea
tension can cccur only when the tensile stresses reach a value equal to
the compressive yield strength in the through-thickness direction.

In an isctropic material, the tensile and compressive yield strengths

are identical, so that yielding under the balanced tension begins when

the uniexial yield strength is reached. For anisotropic materials, how-
ever, the uniaxial tensile and through-thickness compressive strength

may differ considerably. In (0001l) textured sheets of HCP metals, for
example, the lack of glip systems suitably oriented to allow thinning

may be responsible for high compressive yield strengths in the through-
thickness direction and a combined strengthening that may be identified

as '"texture hardening."

Approach

As discussed in the preceding section, measurement of the R value
of the material is a good indication of the degree of texture hardening.
Since R is defined as the ratio of the width-to-thickness strains, then
a strip type tensile specimen provides a simple and convenient method
of determining R. In the example of thin sheets, it is possible to
measure the strains in the x and y directions and compute the z strain
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using the constancy of volume relationship. However, measurement of the
strains in the x, y, and z directions, using plate specimens, will per-
mit a direct determination of the R value. The latter method was used
here.

Specimen Selection

Since it is desired to measure an average value of R for the 5Al-
2.55n ELI titanium alloy, full thickness strip type tensile specimens,
as shown in Figure 23, were machined from both the 1/4 and the 1/2 inch
thick plates. The four inch wide ends were used to grip the specimens
in the testing machine during testing.

1

0 T I e

Figure 23, Strip type Tensile Specimen
Used to Measure the R Value
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Experimental Technique

High elongation metafilm strain gages were applied to the specimen
as shown in Figure 23, The specimens were tested in a 300,000-1b tensile
machine. Strain gage readings were taken at regular load increments,
using a digital read-out strain indicator. Readings were taken up to at
least ten percent strain in the y direction.

The texture hardening effect is developed only in the plastic range.
In order to conform to the constancy of volume requirements for plastic
flow, it is necessary to convert the engineering strains to true strains.
The relationship used is

€ =4n (e + 1) (14)

The R values were determined directly by dividing the width strain by
the thickness strain.

Experimental Results and Discussion

The R values so determined are plotted as a function of the true
sorziz im #ke w dirvection for the 1/4 inch thick 5A1-2.5Sn ELI titanium
alloy plate in Figure 24, and for the 1/2 inch tnick piacc iua riguts 25
It will be observed that the R value is relatively low in the elastic
range.

At the yield point of the material, the R value is indeterminate.
This is presumably due to the gradual change in Poisson's ratio from
0.30 to 0.50 for plastic deformation. However, once the yield point
has been exceeded, the R value rises to a maximum value and remains con-
stant with increasing strain. The 1/4 inch thick plate, which had the
greater percentage of hot work, showed higher values of R than did the
1/2 inch thick plate. This would be anticipated since the higher per-
centage of hot work would offer more opportunity for preferred orienta-
tion. It will also be noted that the specimen taken transverse to the
rolling directicn exhibited R values which were higher than those de-
termined using specimens machined parallel to the rolling direction.

41



ojeTd AoV wnTuelll ITd USG Z-TVS

ov

}oTY3 Youf %/ I0F UOTIO3TP £ ut uieal

g onx] sAa oniep ¥

g 9an31d

o
Se o¢e K4 02 Sl o¢ G2 072 G o)l
o 4
L4 .
. N R gi =
3NOZ JNOZ M
ai3iA a13iA m
* w
- - M
° Y 0353
Z
[ ] > <
o
S
L4 m
o
)
: :
[ )
09—
Z
oLe= ? =
¥ 3AV )
Gl
0g'e=
d 3NV
06
JSHIASNVHL AVYNIGNLIONOT

42




93e1g AOTTy WnTuelTl IT4d USG°Z-TVS OTY3 Youl z/T 103 UOTIoaarp £ UT uTeils onil sa anfep ¥  °G6¢ 2an3T 4
]
o¢ 62 02 Gl (o} S0 8’| 9l A A o._o
]
[ ]
. Ol 4
b ]
ANOZ A INOZ m_
al3iA al3aia
]
ONH
d
° b4
[sa]
< ~
— onm
. . a
e
3
e s ovo
2
G2= A =z
8¢S’
¥ 3AV - <
¥ IANV|je 053
(7 ]
L |
3 .
09
e JSHUIASNVHL TYNIGNLIONOT oL




EFFECT OF PREFERRED ORIENTATION ON
THE PLASTIC FLOW AND FRACTURE OF TITANIUM

Recent work by Hatch¥Z has shown that the 5A1-2,5Sn titanium alloy
develops as*rong (0001) 1010] texture, Pole figures reported by Hatch
show that the (0001l) pole is normal to the plane of the sheet. For ma-
terial having a low R value, the pole figure may show.a sheet texture
with the basal pole split about the normal in the transverse direction.
An idealized (0001) [10T0] texture is shown in Figure 26.

Figure 26. TIdealized (0001)[1070] texture
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A litersture review of the deformation modes in titanium by Holden
et all8 has shown that at least three slip sjgtems are operative aﬁ_rgom
temperature, These are the {1010J<1270>, {1013<I270>, and {000 <1210>.
Common to all of these are the slip direction, €1210>, which lies in the
(0001) plane. It is clear that if (0001) is paralliel to the sheet plane,
deformation by slip through the thickness direction of the sheet would
not be possible and a texture-hardened sheet wculd result. However,
three twinning planes at room temperature have also been reported. These
are the {}OTZ}, {LI?%}s and {1122}. The {}01%} cannot contribute to
thinning for an ideal (0001) texture since the c/a ratio of titanium is
less than /5. On the other hand, an.analysis of the crystal geometry
for twinning on {117i} and {1172} will show that both could contribute
to thinning from tension in the sheet plane.

Examinaticn of the conditions necessary to form the plastic strain
zone ahead of the crack shows that the LD and TD series require plastic
flow in the thickness direction of the sheet. 1In the case of a highly
textured material, this is difficult.

In the fracture toughness studies it will be recalled that the Kj.
values fcr the TD series tested at -423° F were higher than those for
any other get of experiments. Also, these specimens were oriented in
the high R value direction of the plate, Based on the preceding dis-
cussion and analysis, the plastic flow would then be initiated by twin-
nine. and the Ky.. value should be higher since the twinning stress is
usually higher than the shear stress.

A metallographic study was made of the pop-in area of both the LD
and TD series of spacimens from the 1/2 inch thick 5A1-2.5Sn ELI ti-
tanium plate. The results of this examination are shown in Figures 27
and 28. Study of these figures shows a greater area and a higher den-
sity of twins in the TD specimen.

The greater tendency toward twinning in the TD series should also
be apparent by examination of the fracture surface., Fractographic
techniques were used for this phase of the investigation. Replicas
were prepared, using the two-stage plastic method. The features ob-
served on the fracture surface of LD series of specimens are shown in
Figures 29 and 30. Figure 29 shows the characteristics of the fracture
surface asscciated with twinning, as indicated by the straight line
marking. The structure shown in Figure 30 is of the ductile rupture
dimple type, indicating that slip, in addition to twinning, is respon-
sible for plastic deformation in this material at -423° F.

The structures observed for the TD series of specimens are shown
in Figures 31 and 32. Figure 31 shows the twinning pattern, and
Figure 32 iliustrates ductile rupture dimples. It will be cbserved
that the twin lines are better developed in this series of specimens
than in the 1D series. Although it cannot be shown here, the fre-
quency of twinning in the TD series is greater than in the LD series.
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Mag: 7200 X

Figure 29. Fractograph of Specimen LD, showing Twin Formation




Figure 30. Fractograph of Specimen LD, showing
Ductile Rupture Dimple Formation
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Figure 31. Fractograph of Specimen TD, showing Twin Formation
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Mag: 7200 X

Figure 32. Fractograph of Specimen TD, showing
Ductile Rupture Dimple Formation
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DESIGN CONSIDERATIONS

Of the many considerations to which the designer must devote at-
tention, those discussed in this report are: (1) yield stress, (2) plane
strain fracture toughness, and (3) texture hardening. These topics will
be reviewed in that order.

(1) The data for the yield stress at the various test temperatures
have been tabulated and are self-explanatory.

(2) The plane strain fracture toughness may be used to calculate
the size and geometrg of defects which will become unstable under a
given stress. Irwin’ has defined a parameter, B, as

B _BB;? (15)

and has stated that if 8. = 27, a through-the-thickness crack of length
equal to twice the plate thickness will be stable at the yield stress.
The general appearance of the broken single-edge notched specimens from
the 1/2 inch plate indicated that, for a first approximation, K¢ and Ky¢
may be taken as equal. Calculation of Bc under these conditions gave a
value of 2.88, indicating that a two-plate thickness crack would be un-
stable.

Calculations of the crack depth for plane strain instability
were made using Equation 7, Assuming a semicircular crack geometry and
yield stress failure, the crack depth was found to be 0.86 inch. This
is greater than the plate thickness. Similar calculations, assuming an
infinitely long crack, gave a crack depth of 0.38 inch. Calculation of
the radius of the plastic zone at the crack tip gave a2 value of 0.226.
It is evident that the crack and the zone of plasticity extend through
the entire plate thickness and, thus, failure will occur at a lower
stress than calculated.

Under these conditions, another analysis may be used to cal-
culate the critical size of a through crack using the following equation.

2
2 = T o<a
KC ) l/_q_\l (16)
2 \Fyij
Solution of this equation for one-half crack length (a), as-

suming burst stress equal to the yield stress, gave a value of 0.23
inch, or a total crack length of 0.46 inch.

(=]

In Figure 33, the crack depth for instability is plotted as a
function of gross section stress for a crack which has a surface length
four times its depth, using Equation 7. The range of Ky, values shown
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Figure 33, Variation of Critical Crack Depth for Instability as a
Function of Applied Stress for Several Kj. Values

here was obtained from this work. This type of plot may be used to es-
tablish inspection standards or limit the design stress to account for the
minimum size of defect which can be found by nondestructive testing. An
example of the use of Figure 33 as an engineering design tool follows.

If a structure were to be fabricated from the 1/2 inch thick
5A1-2.5Sn ELI titanium alloy used in this investigation for service at

-320° F, the Kjc in the direction of interest would be determined from
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Table VII.(e.g., LS Ky. = 67,000 psi JEE.). If the service stress for
this structure were approximately 175 kpsi, then the maximum allowable
defect depth which could be tolerated (as seen from Figure 33) would be
0.050 inch., If the structure were fabricated from the 1/4 inch material
to be used at -423° F and the direction of interest were transverse to
the original direction of rolling, the Kjc may be determined as 48,800
psi Vin. (from Table IV). If the minimum crack depth which could be
detected by nondestructive means were 0.030 inch, the "a" in Figure 33
would be 0.030 inch and the maximum allowable stress at which this
structure could be operated would be approximately 167 Kpsi. These
values, however, do not include any allowance for a safety factor.

(3) Texture hardening may be used to obtain high burst stresses
in many pressure vessel applications. The values of R for the 1/4 and
1/2 inch thick 5A1-2.5Sn ELI titanium alloy plates and the apprcximate
elevation of the burst strength are summarized in Table X, Relatively
large increases in the yield stress may be predicted as a consequence
of texture hardening. However, care must be taken to avoid brittle
fracture

TABLE X -
Ratio of Width Strain to Thickness Strain (R)
for 5A1-2.5Sn ELI Titanium Plate

pirecueion ur

y Strain with Ratio of
Plate Respect to Strain Avg Value Biaxial to
Thickness Specimen Rolling Direction Ratio of Strain Uniaxial
_(in.) No. of Plate (R) Ratio Yield*
1/4 4 Longitudinal 2.08
6 2.04 2,14 33
1 2.30
1/4 5 Transverse 3.70
3 3.42 3.40 45
2 3.08
1/2 3 Longitudinal 1.58
4 1.61 1.60 25
6 1.61
1/2 5 Transverse 2.54
2 2,50 2,50 37
1 2.44

(=

*Using O = &é_iiﬁll oysz and (o - oys) 100 = percent increase;

where: ©

burst strength, Oys™ yield strength, and R = strain ratio.
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CONCLUSIONS

It may be concluded that

1. The tensile properties of 5A1-2.,5Sn ELI titanium alloy are
sensitive to testing temperature. The tensile yield strength varies
from 100,000 psi at room temperature to approximately 200,000 psi at
-423° F,

2. The plane strain fracture toughness of this material exhibits
an inverse first order dependency on the yield strength. The Kjc val-
ues vary from 130,000 psi yin. at a yield strength of 100,000 psi (room
temperature) to approximately 55,000 psi Vin. at a yield strength of
200,000 psi (-423° F).

3. The 5Al1-2.5Sn ELI titanium alloy exhibits essentially an
isotropic behavior in regard to plane strain fracture toughness.

4, The plane strain fracture toughness of this material does not
appear to be affected by the amount of reduction in the plate. The
Kic values for both the 1/2 inch and 1/4 inch thick plate are essen- .
tially the same at the cryogenic temperatures when reliable data could
be obtained.

5. The 1/4 inch thick plate exhibits higher R values than the

1/2 inch thick plate and, consequently, a greater potential for ele-
vation of the biaxial yield strength.
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